Bombyx mori nucleopolyhedrovirus (BmNPV) is a baculovirus that selectively infects the domestic silkworm. In this study, six BmNPV strains were compared at the whole genome level. We found that the number of bro genes and the composition of the homologous regions (hrs) are the two primary areas of divergence within these genomes. When we compared the ORFs of these BmNPV variants, we noticed a high degree of sequence divergence in the ORFs that are not baculovirus core genes. This result is consistent with the results derived from phylogenetic trees and evolutionary pressure analyses of these ORFs, indicating that ORFs that are not core genes likely play important roles in the evolution of BmNPV strains. The evolutionary relationships of these BmNPV strains might be explained by their geographic origins or those of their hosts. In addition, the total number of hr palindromes seems to affect viral DNA replication in Bm5 cells.
Introduction
Baculoviruses are arthropod-specific enveloped rod-shaped viruses that contain large double-stranded circular DNA genomes ranging from 80 to 180 kb in length. They are characterized by a biphasic life cycle, forming two types of virions, occlusion-derived virions (ODVs) and budded virions (BVs) [1] . During primary oral infection, occlusion bodies (OBs), which contain ODVs, dissolve in the alkali insect midgut and release the ODVs to infect the midgut cells. After this stage, the systemic infection is initiated by BVs, and the virus spreads from cell to cell.
To date, hundreds of baculoviruses have been described, and approximately 60 species (strains) have been completely sequenced. Among these baculoviruses, there are 31 common genes, called core genes [2] . Comparisons of these core genes indicate that the family Baculoviridae comprises four genera: Alphabaculovirus (lepidopteranspecific NPV), Betabaculovirus (lepidopteran-specific Granuloviruses), Gammabaculovirus (hymenopteran-specific NPV), and Deltabaculovirus (dipteran-specific NPV) [2] . Alphabaculovirus can be further divided into two groups, Group I and Group II. New genome-sequencing technologies have laid the foundation for a boom in sequencing, and more and more baculovirus genomes are being sequenced. However, only a few reports of comparisons among strains of the same viral species based on whole genome sequences have been published [3] [4] [5] , and many comparative genomic analyses have been based on only the restriction endonuclease mapping [4, [6] [7] [8] . Recently, we reported a variant of Bombyx mori NPV (BmNPV), Bombyx mandarina NPV S1 (BomaNPV S1), and published the genomes of two BmNPV strains (the BmNPV Indian strain and BmNPV Cubic strain) [9, 10] . All these strains are members of the Alphabaculovirus genus. In the current study, the Indian strain and Cubic strain, along with two other newly sequenced strains (the BmNPV Guangxi strain and BmNPV Zhejiang strain), were compared with BomaNPV S1 and BmNPV T3 to characterize the diversity and phylogenic evolution of BmNPV strains at the whole genome level. Additional analyses of the other characteristics of these viruses are also presented.
Results

Comparison of genomes and ORFs
The genomes of four BmNPV strains, T3 (GenBank accession L33180.1), Boma S1 (GenBank accession FJ882854.1), Cubic (GenBank accession JQ991009) and Indian (GenBank accession JQ991010), were sequenced previously [9] [10] [11] [12] , and the genomes of two additional BmNPV strains, Zhejiang (GenBank accession JQ991008) and Guangxi (GenBank accession JQ991011), were successfully sequenced in this study. These six viral genomes have similar sizes (from 126,125 bp for BmNPV Zhejiang to 126,879 bp for BmNPV Indian) and G + C contents (~40.3%). The size difference is mostly due to the divergence in the bro genes and the homologous repeat regions (hrs) ( Table 1 ). Among these six virus strains, the T3 strain, Cubic strain and Guangxi strain contain three subgroups of bro genes, whereas the others only have two ( Table 2) , according to the classification by Kang et al. [13] . Interestingly, the Guangxi strain and Cubic strain only have one bro gene in subgroup C, whereas the T3 strain has two. All six virus strains have eight hr regions but only the number of palindrome units in hr4b and hr4c is conserved among all the viruses.
These six virus strains have 134 common ORFs that encode at least 60 amino acids, with the exception of bro-b in T3 and Guangxi, bro-e 
and ie-0-bv/odv-nc50 (Bm117-118RC). Bm33RC has an early promoter motif (a TATA box followed by CAGT) in its upstream region, and Bm97RC has a late promoter motif (GTAAG), whereas Bm105RC and Bm117-118RC possess an enhancer-like motif (CGTGC). The existence of transcripts corresponding to these ORFs was confirmed by RT-PCR (reverse transcription-polymerase chain reaction) (data not shown). This phenomenon was also observed in the transcriptome sequencing that we performed in this study. Several of these novel predicted ORFs encode more than 100 aa and have transcriptional regulatory motifs, suggesting that they may be functional and should be characterized.
Evolution of the six virus strains
The genomic evolutionary tree of the six virus strains was constructed using MEGA5 software with the maximum likelihood method based on the cascading DNA comparison of 132 common ORFs, using AcMNPV (which lacks bro-a and bro-c) as an outgroup (Fig. 1 ). BomaNPV S2 (Boma S2), which was isolated from the same host and the same location as Boma S1 but shares the host ranges of B. mori NPV and Autographa californica MNPV in cultured cells [14] , was also included in this tree. As shown in the phylogenetic tree, the Guangxi strain clusters with the Zhejiang stain near the T3 strain, and this cluster are far from the others. The Boma S1 and Cubic strains, which were isolated from the same location, are more closely related to each other than to the other strains. Boma S2 is more closely related to the Cubic strain and the Boma S1 strain than to the other strains. The Indian strain is positioned between the T3 strain and Boma S1 but is more closely related to the T3 strain than to Boma S1.
To assess the evolutionary pressure on each ORF, the dN/dS value was calculated using PAML ( Table 1) . As shown in Fig. 2, 11 genes (Bm10, lef-12, Bm34, Bm48, Bm59, Bm65, p6.9, he65, Bm125, ie-2, and Bm129) had dN/dS values greater than 1, demonstrating that these genes have been positively selected during evolution. Among these genes, only p6.9, which encodes a protein that binds to viral DNA [15] , belongs to the core set of baculovirus genes. The homologs of Bm59 and Bm65 were found to encode a BV-associated protein and ODV-associated protein in AcMNPV, respectively [16, 17] . It is noteworthy that lef-12, Bm34 and Bm59 had identities of less than 95%. Therefore, these three genes are not appropriate to use as reference genes for the analysis of the evolution of different viral species given their high levels of variability in a single species. Positively selected sites (P > 95%) in each ORF were also analyzed using the Naive Empirical Bayes (NEB) and Bayes Empirical Bayes (BEB) methods (Table 1) . PAACS, NEB and BEB are abbreviations of "percentage of amino acid constant sites", "Naive Empirical Bayes analysis" and "Bayes Empirical Bayes analysis". "Out" in dN/dS analysis means its value can't not be calculated by Codeml of PAML software, because no synonymous substitution exists in homologs or homologous proteins are not high identical. "D2" means only two homologs exist within six viruses and the value of dN/dS is calculated manually if synonymous substitutions exist. Twenty-two genes were found to harbor positively selected sites in the encoded proteins: orf1629, Pk1, Bm10 (Ac18), arif-1, f, lef-12, Bm48 (Ac60), Bm51 (Ac63), gp37, dnapol, iap2, Bm59 (Ac73), gp41, Bm67 (Ac81), vp39, vp80, he65, pk2, ie-2, bro-a, bro-d and bro-c (out of calculation). Most of these are not core genes. Taken together, these results indicate that variation in non-core genes greatly affect BmNPV evolution.
Comparative analysis of hr regions
In this study, cAMP response elements (CREs) and TPA response elements (TREs), in addition to 30 bp palindromes, were taken into consideration when searching for hr regions. Some mutations in the EcoR I site (GAATTC) of the palindromes or the CRE/TRE (-like) sites were allowed. Palindrome variants were identified as mutants of the core sequence, '
' , or its reverse complement. The boxes represent sites where single nucleotide polymorsphisms (SNPs) often occur, strengthening or weakening the self-complementarity of the palindrome. As a result, another hr region (hr4c), which is located downstream of hr4L and hr4R, was also discovered in BmNPV strains. The "hr4L" and "hr4R" sites are also referred to as "hr4a" and "hr4b". Therefore, all six virus strains possess eight hr regions: hr2L, hr2R, hr3, hr4a, hr4b, hr4c, hr5, and hr1 (Table 1, Fig. 3 ).
Hrs exhibit large differences between BmNPV strains, not only with respect to the number of inner palindromes (Table 3 ) but also with respect to their structure, with differences of one to three CREs (-like) or TREs (-like) between each pair of hr palindromes, except hr4c ( Fig. 3) . Different hrs exhibit different degrees of conservation. Apparently, hr4c is the most conserved hr, followed by hr4b and hr2R, for which only one virus has a unique structure of the palindrome and CRE/TRE (-like) sites. Meanwhile, hr2L seems to be the most unstable hr, and the Cubic strain exhibits more complexity at this locus than do the Guangxi and Zhejiang strains. Moreover, the Indian strain, with a total of 46 palindromes in various hrs, stands out from the other viruses. Boma S1, with 42 palindromes, is the same as the T3 strain. The total number of palindromes in the Guangxi strain is similar to that in Zhejiang strain.
Analysis of viral DNA replication in Bm5 cells
To investigate DNA replication in different viruses, DNA from infected Bm5 cells was analyzed by qPCR. Bm5 cells infected with six virus strains (M.O.I. = 5) were harvested at 6, 12, and 24 h.p.i. Then, using the Universal Genomic DNA Extraction Kit Ver 3.0 (Takara), the total intracellular DNA, including the viral DNA, was extracted for real-time PCR analysis, and the DNA concentration of each sample was measured by Thermo scientific NanoDrop 2000 spectrophotometer. The PCR product of the partial ie1 sequence was shown to be specific and unique by melting curve analysis, and the standard curve for qPCR had characteristics appropriate for quantification (y = −3.474x + 37.553, y = CT, x = Log (Copies), R 2 = 0.9997). According to the standard curve, the average number of viral genome copies in each sample was quantified, and viral genome copies per 1 ng total DNA was calculated for comparison between viruses at specific times. As shown in Fig. 4 , the Indian strain shows a remarkably high level of DNA replication at the early stage of infection, but the DNA replication rates of the Boma S1 and T3 strains were faster than those of the other viruses from 6 to 12 h.p.i. These faster rates were associated with greater amounts of these two strains at 12 h.p.i. At 24 h.p.i., the differences among the viruses were not significant, except that the amount of Boma S1 DNA was significantly greater than that of the Guangxi strain. This pattern does not seem to be related to the phylogeny. However, based on the statistical analysis, these six virus strains can be divided into two general groups. The Boma S1 strain, Indian strain and T3 strain have more palindromes in their hrs and form the high-replication group, while the Cubic strain, Zhejiang strain, and Guangxi strain, with fewer palindromes, make up the low-replication group. Moreover, the Guangxi strain, with only 34 total palindromes, clearly produces the lowest amount of DNA. Then the bivariate correlation between palindrome number and viral DNA replication efficiency was analyzed by Spearman's rank correlation coefficients with one-tailed test. The p values of the correlation between palindrome number and viral DNA replication at 6 h.p.i., 12 p.h.i., and 24 p.h.i. are 0.212, 0.087, and 0.042, respectively, the significance of this correlation increasing over time. These results suggested that the DNA replication rate of the virus may be related to the total number of palindromes in the hrs, consistent with previous findings that have implicated hrs as origins of DNA replication [18] [19] [20] .
OB infectivity in B. mori larvae
Second instar silkworm larvae (Dazao strain) were used to test the OB pathogenicity of these six virus strains. By examining larval response under the pressure of 10 7 OBs/mL (10 5 OBs each larva on average), the OB pathogenicity of these six virus strains was compared. As shown in Fig. 5 , the Indian strain exhibited the highest mortality rate, followed by T3, whereas Boma S1 had the lowest mortality rate. The pathogenicities of the Guangxi strain, Zhejiang strain, and Cubic strain were not significantly different. These results are to some extent consistent with the evolutionary relationships of these six virus strains. The strains with close relationships were associated with similar mortality rates. Fig. 2 . Amino acid sequence homology and evolutionary pressure on different ORFs. The ORF order of the BmNPV T3 strain was used as the reference. bro-b, Bm111 §, bro-e and ORFs encoding small peptides of less than 60 aa were not analyzed. ORFs that encoded the same predicted peptide in all six virus strains were excluded from the dN/dS analysis. Bm125 has only two homologs in the six virus strains, and they possess two nonsynonymous substitutions and one synonymous substitution, for a dN/dS = 2. bro-a, bro-c and bro-d are so different between the six virus strains that the value of dN/dS cannot be calculated. ORFs (Bm42a, Bm58a, Bm91, Bm98 and Bm119) without synonymous substitutions have no dN/dS values. 
Discussion
Diversity and evolution of BmNPVs
Many RNA viruses and some DNA viruses exist as multiple variants due to their high levels of adaptability and rapid evolution [21] [22] [23] [24] . Baculoviruses, especially those that are pathogenic to lepidopteran larvae, also exhibit considerable genetic diversity [25] [26] [27] [28] [29] . Geographic isolates often exhibit large differences in genotype and pathogenicity, suggesting that there is a correlation between these differences and geographic location [25, 30, 31] . This hypothesis was also supported in our study. According to the phylogenic tree of the six strains of BmNPV, the Cubic strain and Boma S1 are closely related, possibly because they are from the same location and may have originated from a common ancestor, even though the Cubic strain produces unique cubic OBs, and Boma S1 was originally isolated from B. mandarina. This same is true for the Indian strain and T3 strain. Both the Indian strain and the T3 strain are from regions that experience tropical monsoons and in which these viruses' hosts, silkworms, are multivoltine. Surprisingly, the Zhejiang strain and the Guangxi strain, which are from different provinces of China, are closely related and appear to be the youngest strains according to the phylogenetic tree. This result may be attributed to the facts that the Guangxi and Zhejiang provinces both have a history of silk production spanning thousands of years and that these provinces are two of Chinese biggest silk-producing area, where it is popular to exchange good silkworm strains.
Because baculoviruses exhibit such high diversity, the evolution of baculoviruses was analyzed using phylogenetic trees based on certain conserved genes, such as polh/gran, dnapol, lef-8, pif-2, and lef-9 [32] [33] [34] . Indeed, these single genes can sometimes be used to generate a phylogenic tree that represents the evolutionary relationships between large branches in the baculovirus tree [35] . However, single gene phylogenies often conflict with each other [35] [36] [37] because these genes do not meet several criteria [38] . As the complete genome sequences of viruses become available, whole-genome comparison becomes a powerful approach with which to infer the phylogeny of baculoviruses. To date, a common set of 31 genes, called core genes, has been identified based on the comparison of the known genome sequences of approximately 60 baculoviruses [2] . These core genes seem to be irreplaceable, and they participate in basic biological functions, such as RNA transcription, DNA replication and the formation of the virion structure. Based on the alignment of the amino acid sequences of the core genes, baculoviruses may be divided into four genera [2, 39] . In our study, the core genes of six strains of BmNPV were found to be conserved, while the non-core genes appear to play important roles in BmNPV evolution, as determined via dN/dS analysis. This result suggests that the core genes are not suitable for use in the evolutionary analysis of various strains of a specific baculovirus.
Baculovirus homologous repeat regions (hrs)
The baculovirus hrs have been implicated both as origins of DNA replication and as transcriptional enhancers [18] [19] [20] . A single complete palindrome can initiate AcMNPV infection-dependent plasmid replication, and this ability can be affected by the number of palindromes in a specific hr [18] [19] [20] . Although each hr of AcMNPV can stimulate the replication of an hr-containing plasmid in Sf9 cells at different levels (Leisy and Rohrmann 1993) , no single hr is absolutely essential for virus replication in cell culture as the deletion of either a single hr or two hrs fails to affect virus replication [40] . In this study, viruses containing more total palindromes in all hrs exhibited enhanced DNA replication capabilities and Spearman's rank correlation coefficients analysis showed there is a positive correlation between the palindrome number and viral DNA replication. This provided a powerful evidence for the impact of these regions on the DNA replication of this virus.
The Zhejiang and Guangxi strains have many fewer palindromes in hr2L than do the other viruses. This low number of palindromes may have an adverse effect on the expression of nearby genes, such as fgf, Bm25 (Ac34), and ubiquitin (Ac35), which have been thought to be related to the infectivity of baculoviruses, thus negatively affecting the pathogenicity of the Zhejiang and Guangxi strains.
Variations in the OB infectivity of BmNPV strains
The result of baculovirus evolution is ultimately reflected in the infectivity of the virus through the oral route because baculoviruses coevolve with their hosts. Therefore, the OB infectivities of the six BmNPV variants were compared. The results showed that closely related strains are associated with similar mortality rates. However, PIFs (per os infectivity factors) (e.g., P74-PIF, PIF-1, PIF-2, PIF-3, PIF-4, and ODV-E56) are also important because they have been shown to be essential for oral infection of baculoviruses in insects [41] [42] [43] [44] [45] [46] .
Amino acid polymorphisms within the PIFs of different BmNPV variants are listed in Table S1 . First, no particular amino acid change was found in the PIF-4 of any virus strain. Second, no amino acid Table 3 Distribution of palindromes in the hrs of six virus strains.
BomaS1
Cubic Guangxi  Indian  T3  Zhejiang   hr2L  9  11  1  9  9  2  hr2R  3  3  3  2  3  3  hr3  6  4  6  6  6  6  hr4a  6  6  6  8  4  7  hr4b  2  2  2  2  2  2  hr4c  1  1  1  1  1  1  hr5  9  7  7  10  9  7  hr1  6  7  8  8  8  7  Total  42  41  34  46  42 35 change was found in the Guangxi strain. Third, the Indian strain has the most amino acid changes in the PIF genes, indicative of its great divergence from the other viruses. Fourth, a greater number of particular amino acid changes were found in the non-transmembrane domains than in the transmembrane domains of the PIFs, and the former amino acid changes should be given more attention because they are located outside of the membrane and may participate in interactions with proteins. Amino acid mutations in these proteins may affect their modification or structures and consequently affect their functions. This may to some extent explain why the Indian strain showed the greatest infectivity via the oral route, whereas Boma S1 had the weakest infectivity. In short, the variations in the OB infectivity of these six BmNPV strains may be related to amino acid polymorphisms in these PIFs. Further studies are necessary to identify which amino acid changes are responsible for these variations.
Materials and methods
Cell line, insects, and viruses
Bm5 cells were cultured at 27°C in TC-100 medium supplemented with 10% fetal bovine serum. B. mori larvae (Dazao strain) were reared on mulberry leaves at 25°C. In addition to BmNPV T3 (from Thailand) and BomaNPV S1 (Boma S1, from Jiangsu province, China), BmNPV Cubic (from Jiangsu province, China), BmNPV Guangxi (from Guangxi province, China), BmNPV Zhejiang (Zhejiang province, China) and BmNPV Indian (from India) were originally isolated from diseased B. mori larvae and plaque-purified in Bm cells. These viruses were propagated by infecting Bm cells or 5th instar silkworm larvae.
Genome sequence determination
Viral DNA was extracted with phenol-chloroform from the purified occlusion bodies of different strains from infected silkworm larvae, as described previously [12] . The viral genomic DNA was amplified using the REPLI-g @ Mini kit (QIAGEN), sheared into 200-to 300-bp fragments by ultrasonication and sequenced using Solexa technology with the Solexa 1 G Genome Analyzer. Average sequencing depth of BmNPV Guangxi or Zhejiang strains was~100×. Ambiguous regions were identified by PCR with specific primers (Table S2) , and gaps were bridged. Finally, the whole genome was assembled.
DNA sequence analysis
The nucleotide compositions of the genomic DNA and the predicted ORFs were analyzed using ORF Finder (http://www.ncbi.nlm.nih.gov/ gorf/gorf.html), Softberry GENE Finding in Viral Genomes (http:// linux1.softberry.com/berry.phtml?topic=virus&group=programs& subgroup=gfindv) and Lasergene software. The alignments of predicted homologous ORFs were performed with ClustalX2, and evolutionary trees were generated using MEGA5 with the maximum likelihood method [47] . The dN/dS value of relevant homologous ORFs was calculated using PAML (Codeml), and positively selected sites were also analyzed using the Naive Empirical Bayes (NEB) and Bayes Empirical Bayes (BEB) methods [48, 49] .
qPCR analysis of viral DNA replication in Bm5 cells
Bm5 cells were cultured in 6-well plates, infected with viruses (M.O.I. = 5) and harvested at 6, 12, and 24 h.p.i. Each sample was performed in triplicate. Total intracellular DNA was extracted using the Universal Genomic DNA Extraction Kit Ver 3.0 (Takara) and treated with RNase A. The DNA (50 μL) was diluted ten-fold for quantitative real-time PCR analysis. Real-time PCR was carried out using the BIOER Fluorescent Quantitative Detection System (China) with SYBR @ premix Ex Taq™ (Takara) under the following conditions: 95°C for 30 s, 40 cycles of 95°C for 5 s, and 56-60°C for 34 s, followed by a heat-dissociation process (65 to 90°C). Each 20 μL reaction contained 2 μL of template. For the absolute quantification of viral genomes, ie1 was used as the marker of viral DNA. The PCR products of the partial ie1 sequence were used as the standard DNA samples (Table S3) , and a standard curve was generated using serial dilutions of the PCR products from 10 9 to 10 copies/μL.
Bioassay of OBs
Varying doses of OBs of different virus strains were diluted in PBS containing kanamycin and ampicillin (10 7 OBs/mL, 10 6 OBs/mL, 10 5 OBs/mL, 10 4 OBs/mL, 10 3 OBs/mL, and 0 OBs/mL) and were evenly applied on fresh mulberry leaves (4 cm × 4 cm, 200 μL each piece). Each treated leaf was fed to 20 2nd instar silkworm larvae (Dazao strain) that had been starved for 3 h after molting. Each concentration of each virus was tested in triplicate. After 4 days, the number of dead larvae was recorded.
Statistical analysis
The statistical analysis was performed using DPS Statistics software [50] . One-way ANOVA followed by Duncan's test (P b 0.05) was used to identify significant differences, and Spearman's rank correlation coefficients with one-tailed test was applied to analyze bivariate correlations.
